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We introduce a N = 1 supergravity model with a very simple hidden sector coupled to the
electroweak gauge and Higgs sectors of the MSSM. At the classical level, supersymmetry and SU(2)×
U(1) are both spontaneously broken, with vanishing vacuum energy. Two real flat directions control
the two symmetry-breaking scales m3/2 and mZ . The two massless scalars are a gauge singlet and
the standard Higgs boson. All other unobserved particles have masses of order m3/2. This may be a
new starting point for studying the compatibility of naturalness with the observed mass hierarchies.
INTRODUCTION
The 7-8 TeV run of the LHC [1] saw the historical dis-
covery of a scalar particle, with mass close to 125GeV
and so far compatible with the Standard Model (SM)
Higgs boson. Its highlights also include considerably
stronger bounds on supersymmetric particles and addi-
tional Higgs bosons than those previously established at
the LEP and Tevatron colliders. These results, comple-
mented by other precise results from flavor physics, are
challenging the concept of naturalness and its application
to the gauge hierarchy problem. At face value, the sim-
plest supersymmetric extensions of the SM, for example
the Minimal Supersymmetric Standard Model (MSSM),
look fine-tuned with more than per-cent precision. How-
ever, there are good reasons to insist on the hypothesis
that supersymmetry plays a roˆle in some unified theory
of the fundamental interactions underlying the SM.
Waiting for the sharper experimental picture that
should emerge from the 13-14 TeV run of the LHC, the-
orists are broadening the spectrum of supersymmetric
models under consideration. Two main approaches are
being pursued [2]: the first insists on the concept of nat-
uralness and on a light spectrum of supersymmetric par-
ticles at the verge of being excluded; the second gives
up the concept of naturalness and splits the mass scale
of supersymmetric particles and extra Higgs bosons from
the mass scale of the observed weak and Higgs bosons.
It would be very important to establish whether this
bifurcation is really unavoidable, especially if no new par-
ticle is discovered after LHC-14: is there some special
supersymmetric extension of the SM that can solve the
naturalness problem despite a little (or not-so-little) hi-
erarchy between the weak scale and the scale of the so
far unobserved MSSM particles? At present we do not
have convincing examples, and it seems unlikely that a
positive answer can be found sticking to renormalisable
theories with softly broken rigid supersymmetry.
Some inspiration may come from supergravity, where
in addition to the gauge hierarchy problem we must also
address the vacuum energy problem, and both problems
are visible already at the classical level, when the sponta-
neous breaking of supersymmetry and of the electroweak
gauge symmetry are implemented.
In this Letter we perform a first step in the search
for a N = 1 supergravity model that, once embedded
in a suitable ultraviolet completion, might be naturally
compatible with the mass hierarchies imposed on us by
experimental data. The model contains a very simple
hidden sector, a chiral multiplet and a vector multiplet,
where spontaneous supersymmetry breaking takes place
according to the mechanism recently formulated in [3].
We include in the observable sector only the electroweak
gauge sector and the Higgs sector of the MSSM, leav-
ing aside for the moment, for the sake of simplicity, the
matter sector and the strong interactions.
At the classical level, and because of its geomet-
rical properties, the model exhibits some remarkable
features: supersymmetry and the gauge symmetry are
both spontaneously broken, with vanishing vacuum en-
ergy; two independent real flat directions control the
scale of supersymmetry breaking in Minkowski space,
parametrised by the gravitino mass m3/2, and the scale
of electroweak gauge symmetry breaking, parametrised
by the weak boson masses mW,Z ; apart from the mas-
sive weak bosons, the photon and two classically mass-
less scalars, a gauge singlet and a SM-like Higgs boson, all
the other states in the spectrum do/can [4] have masses
of order m3/2; all renormalisable interactions are exactly
as in the MSSM, with a definite prediction for several
of its parameters, and the non-renormalisable interac-
tions are suppressed by inverse powers of the Planck mass
MP = (8πGN )
−1/2 ≃ 2.4× 1018GeV.
These results are a promising starting point, with some
novel ingredients, for addressing the dynamical genera-
tion of the observed hierarchies of scales in supergravity
models. To make the model realistic, however, we must
include the strong interactions, the matter sector and the
quantum corrections. Such programme deserves a sepa-
rate study and goes beyond the aim of the present Letter:
we conclude by outlining some of the open questions and
a possible future strategy for addressing them.
2THE MODEL
We now specify our model, which couples the hidden
sector of [3] to the electroweak gauge and Higgs sector of
the MSSM, in the standard formalism of N = 1, d = 4
supergravity [5] and in natural units where MP = 1.
The gauge group is SU(2)L×U(1)Y × U˜(1). The first
two factors are associated with electroweak interactions,
as in the SM. The vector multiplet V ∼ (V˜ , Vµ) of U˜(1)
is part of the hidden sector that breaks supersymmetry.
The chiral multiplets are a SM-singlet, T ∼ (T, T˜ ),
and the two MSSM Higgs doublets, H1 ∼ (H1, H˜1) and
H2 ∼ (H2, H˜2). A crucial feature, inherited from [3], is
that the imaginary part of T shifts under U˜(1), whilst
the two Higgs superfields do not transform:
δǫT = i ǫ , δǫH1 = δǫH2 = 0 , (ǫ ∈ R) . (1)
Motivated by string compactifications and by extended
supergravities [6], we choose the Ka¨hler manifold for the
scalar fields (unifying the chiral multiplets in the hidden
and Higgs sectors) to be SO(2, 5)/[SO(2)× SO(5)]:
e−K = (T + T )2 − |H01 −H02 |2 − |H−1 +H+2 |2 , (2)
and, in the field basis of (2), a constant superpotential:
W =
√
2 g˜ . (3)
Finally, we choose a factorised gauge kinetic function:
f˜ =
1
g˜ 2
, fY = aY + bY T , fL = aL + bL T , (4)
where (g˜, aY , bY , aL, bL) are real constants. As explained
in [3], the fact that W and f˜ are controlled by the same
coupling constant g˜ is not a fine-tuning, but the conse-
quence of an underlying N = 2 gauged supergravity.
CLASSICAL POTENTIAL AND VACUA
The classical potential of the model is:
V0 = e
2K (A+B + C +D) , (5)
A = 2 g˜2 (|H01 −H02 |2 + |H−1 +H+2 |2)
= 2 g˜2 [H†1H1 +H
†
2H2 − (H1H2 + h.c.)] , (6)
B =
g ′ 2
8
(|H01 |2 − |H02 |2 + |H−1 |2 − |H+2 |2)2 , (7)
C =
g2
2
|H01 H−1 +H02 H+2 |2 , (8)
D =
g2
8
(|H01 |2 − |H02 |2 − |H−1 |2 + |H+2 |2)2 , (9)
where we have introduced the field-dependent SU(2)L
and U(1)Y coupling constants:
g ′ 2 ≡ 1
Re fY
, g2 ≡ 1
Re fL
. (10)
Each of the four addenda contributing to V0 is positive
semidefinite. After gauge fixing, inequivalent vacua can
be classified by 〈H−1 〉 = 〈H+2 〉 = 0 and
〈T 〉 = x , 〈H01 〉 = 〈H02 〉 = 2 x v , (11)
where x > 0 and v ≥ 0 parametrise two real flat direc-
tions. As in [3], the U˜(1) gauge symmetry and supersym-
metry are spontaneously broken on flat Minkowski space
at all vacua. The electroweak gauge symmetry is also
spontaneously broken on the generic vacuum, although
it can be restored at the special point v = 0.
SPECTRUM AND INTERACTIONS
In the hidden sector, the spectrum is exactly as in [3]:
m23/2 = m
2
1/2 =
g˜2
2 x2
, m2V = 2m
2
3/2 , m
2
0 = 0 , (12)
in a self-explanatory notation. Setting
T = x (1 + t+ i τ) , (13)
τ is the Goldstone boson absorbed by the massive vec-
tor Vµ, and t is a canonically normalised massless scalar.
Similarly, the Goldstino absorbed by the massive grav-
itino is a linear combination of T˜ and V˜ , and the orthogo-
nal combination is a massive spin-1/2 Majorana fermion.
In the observable sector, the spectrum corresponds to
a special choice of parameters in the MSSM. The gauge
boson masses are:
m2γ = 0 , m
2
W = g
2 v2 , m2Z = (g
2 + g ′ 2) v2 , (14)
where g ≡ 〈g〉 and g ′ ≡ 〈g ′〉. The Higgs boson spectrum
can be easily obtained from V0 by performing the follow-
ing decomposition, which brings all the kinetic terms to
canonical form and diagonalises all the mass terms:
H−1 =
√
2x (H− −G−) , (15)
H+2 =
√
2x (H+ +G+) , (16)
H01 = 2 x
(
v +
h0 +H0
2
+ i
A0 −G0
2
)
, (17)
H02 = 2 x
(
v +
h0 −H0
2
+ i
A0 +G0
2
)
. (18)
The result is:
m2A = 2m
2
3/2 , m
2
± = m
2
A +m
2
W , (19)
m2h = 0 , m
2
H = m
2
A +m
2
Z . (20)
In MSSM notation, see (6), it corresponds to
m21 = m
2
2 = −m23 = m23/2 ,
(
β = −α = π
4
)
. (21)
3Notice that here the relations (21) follow from the clas-
sical Ka¨hler geometry (2) and not from a fine-tuning.
In the gaugino/higgsino sector, and in a suitable basis
of canonically normalised fields, the chargino and neu-
tralino mass matrices are as in the MSSM, with β = π/4:
MC =
(
M2 mW
mW µ
)
, (22)
MN =


M1 0 −mZsW√
2
mZsW√
2
0 M2
mZcW√
2
−mZcW√
2
−mZsW√
2
mZcW√
2
0 −µ
mZsW√
2
−mZcW√
2
−µ 0

 . (23)
In the above equations, sW ≡ sin θW and cW ≡ cos θW .
The Higgsino mass parameter is
µ = m3/2 . (24)
Notice that, in contrast with the MSSM, the superpoten-
tial (3) does not contain a Higgs mass term. However, an
effective µ-term is generated from the Ka¨hler potential,
according to a well-known mechanism of broken super-
gravity [7], first explored in [8] for the special Ka¨hler
manifold of (2). The gaugino mass parameters are
M1 = m3/2 (1− g′2 aY ) , M2 = m3/2 (1− g2 aL) . (25)
Two extreme choices for the gauge kinetic functions fY
and fL in (4) are worth considering. The first one, cor-
responding to bY = bL = 0, leads to constant fY = aY =
1/g ′ 2 and fL = aL = 1/g2, thus to M1 = M2 = 0 [9].
The second one, aY = aL = 0, leads toM1 =M2 = m3/2.
After moving to canonically normalised fields and tak-
ing the appropriate flat limit, the model factorises into
a decoupled hidden sector times the electroweak gauge
and Higgs sectors of the MSSM: all the MSSM renormal-
isable interactions are reproduced [10], for the parameter
choices (21), (24) and (25).
KeepingMP finite, the low-energy effective Lagrangian
includes, besides the MSSM, the gravitational interaction
and other supergravity interactions, corresponding to lo-
cal operators of dimension d>4, suppressed by M4−dP .
DISCUSSION
Our model realises, in an economical and predictive
framework, some features previously discussed in super-
symmetric extensions of the SM, but never combined.
The breaking of supersymmetry with vanishing classi-
cal vacuum energy and the gravitino mass sliding along
a classical flat direction is the feature of no-scale models
[11]. The additional breaking of the electroweak gauge
symmetry, along another classical flat direction and pre-
serving the vanishing of the classical vacuum energy, was
previously introduced in [12]. There, however, additional
classical flat directions were present, both in the hidden
sector and in the MSSM Higgs sector. Here, instead, the
only two classical flat directions are in one-to-one cor-
respondence with the scales of supersymmetry and elec-
troweak symmetry breaking. The axion τ is absorbed
by the massive U˜(1) vector, as in [3]. The only classi-
cally massless fields are the dilaton t in the hidden sec-
tor and the SM Higgs boson h [13] in the MSSM Higgs
sector. The masses of the other Higgs bosons receive
supersymmetry-breaking contributions of order m3/2.
It would be natural to interpret the two massless
scalars as pseudo-Goldstone bosons of some accidental
symmetry. Such an interpretation is possible, with some
qualifications. All the isometries of the Ka¨hler mani-
fold (2) other than the gauged ones are explicitly bro-
ken by the potential (5). However, after moving to the
unitary gauge τ = 0 for the gauged shift symmetry,
H01−H02 = H−1 +H+2 = 0 (i.e. A0 = H0 = H± = 0) solve
their classical equations of motion for arbitrary configu-
rations of the remaining fields. The truncated scalar La-
grangian, obtained by inserting the above solutions in the
original one, is expressed in terms of the residual scalars
(T,H01 +H
0
2 , H
−
1 −H+2 ) and has two global symmetries
spontaneously broken on the vacuum. The masslessness
of t is accounted for by the rigid scale transformations:
(T,H01 +H
0
2 , H
−
1 −H+2 )→ ρ (T,H01 +H02 , H−1 −H+2 ) ,
(ρ ∈ R). As already discussed in [14], the masslessness of
h is accounted for by the rigid shift symmetry (σ ∈ R):
H01 +H
0
2 → H01 +H02 + σ .
VARIATIONS
We briefly describe some possible variations on the
model discussed above, concerning the gauge group and
the manifold for the scalar fields. They weaken the con-
nection of the model with string compactifications and
extended supergravity, in particular the geometrical ex-
planation of (21), but they preserve some other remark-
able properties, with some differences that may play a
roˆle in the search for realistic completions.
The manifold for the scalar fields changes from the one
in (2) to the one described by the Ka¨hler potential
K̂ = −3 log(T +T )+ |H
0
1 −H02 |2 + |H−1 +H+2 |2
(T + T )n
, (26)
with n ≤ 1 or n ≥ 2 (not necessarily integer). Simultane-
ously, the gauge group becomes SU(2)L×U(1)Y , without
the U˜(1) vector multiplet gauging the T shift symmetry.
The superpotential W and the gauge kinetic functions
fY and fL remain the same as in (3) and (4).
4The classical potential is still positive semi-definite for
conceivable values of n and of the ratio appearing in (26).
It has now with a complex T flat direction in addition
to the real flat direction associated with the SM Higgs
field. In the hidden sector, the spectrum consists of the
massless dilaton t and axion τ associated with the T fluc-
tuations, and of the massive gravitino, which absorbs the
Goldstino T˜ , with m2
3/2 = g˜
2/(4 x3) if we stick to (13).
In the MSSM sector, after replacing 2x with (2x)n/2 on
the right-hand side of (11) and in (15)–(18), the spectrum
is as before, with the two modifications:
m2A = 2 (n− 2) (n− 1)m23/2 , µ = (1 − n)m3/2 . (27)
OUTLOOK
We regard the results of this Letter as a novel and
promising starting point for investigating the dynamical
generation, a` la Coleman-Weinberg [15], of the observed
hierarchies of scales and of a phenomenologically viable
spectrum in realistic supergravity models. However, sev-
eral steps need to be performed to carry out such an
investigation.
First, we should complete the MSSM gauge group by
including also the SU(3)C factor associated with the
strong interactions: this is straightforward, the only free-
dom being the choice of a gauge kinetic function fC sim-
ilar in form to those in (4).
Then, we should include the MSSM matter sector.
This is also straightforward in principle, but choosing the
Ka¨hler potential for the matter fields introduces some ar-
bitrariness in model building. The problem is simplified
by the fact that, in realistic models, we can expand the
Ka¨hler potential up to quadratic fluctuations in the quark
and lepton superfields. However, the T -dependence of
the coefficients will affect the spectrum, in particular
the supersymmetry-breaking mass terms. Moreover, the
breaking of the global symmetries by the standard top
Yukawa coupling in the superpotential might be too hard
for a natural generation of the desired mass hierarchies
and spectrum. It may be interesting to explore the pos-
sibility of generating the top quark mass by mixing with
heavy fermions, in analogy with models of partial com-
positeness [16, 17].
Finally, we can envisage computing the calculable (log-
arithmic) quantum corrections in the model, suitably
parametrising those that would require the knowledge of
the ultraviolet completion of our effective supergravity,
with the goal of checking whether realistic mass hierar-
chies can be generated for some values of the parameters.
The first attempts at carrying out this program were
performed in [18], including only the quantum correc-
tions associated with the MSSM fields, dismissing the
possibility of O(m2
3/2M
2
P ) contributions to the effective
potential, signalled by the one-loop quadratically diver-
gent contributions proportional to StrM2, and ignoring
also the O(m4
3/2) cosmological term in the MSSM po-
tential. Some of these issues were addressed later. It
was shown in [19] that there are special classes of super-
gravity models, whose geometrical structure is inherited
from superstring compactifications or from gauged ex-
tended supergravities, where the only field-dependence
of StrM2 along the classically flat directions is via the
gravitino mass, StrM2 = km2
3/2, where k ∈ R is a
constant. This may allow for cancellations of the one-
loop quadratic divergences after the inclusion of all hid-
den sectors, and there are examples of models where
k = 0. It is encouraging that in the model considered
here StrM2 = 0 and StrM2 = −8m2
3/2, respectively,
for the two choices of gauge kinetic functions discussed
after (25). The corresponding values for the variations
are StrM2 = −4 (2n ∓ 1)m2
3/2. Assuming the absence
of O(m2
3/2M
2
P ) contributions, the possibility of generat-
ing the desired hierarchies was further discussed in some
special cases. The importance of the cosmological term
in the MSSM potential was stressed in [20], where the
implications of moduli-dependent Yukawa couplings for
the third generation were also studied. The possibility
of explaining a little hierarchy between mh,W,Z and m3/2
was pointed out in [21].
Despite these partial results, we feel that a novel sys-
tematic study of the radiative generation of the desired
hierarchies, in the possible realistic completions of our
model, is in order. It should take into account today’s
experimental constraints and the different options for giv-
ing a mass to the top quark and its superpartners. We
are looking forward to addressing these questions in a
future work.
ACKNOWLEDGMENTS
We thank G. Dall’Agata, F. Feruglio, G. Villadoro and
A. Wulzer for useful discussions. H.L. and this work
are supported by the ERC Advanced Grant no.267985
(DaMeSyFla).
[1] For a theory-oriented summary, see e.g.: F. Zwirner, The-
ory Summary, in Proceedings of the 48th Rencontres de
Moriond on Electroweak Interactions and Unified Theo-
ries, La Thuile, Italy, March 2-9, 2013 (E. Auge´, J. Du-
marchez and J. Tran Thanh Van eds.), ARISF, 2013,
p.595 [arXiv:1310.3292 [hep-ph]].
[2] For recent assessments and references to the previ-
ous literature, see e.g.: A. Arvanitaki, M. Baryakhtar,
X. Huang, K. Van Tilburg and G. Villadoro,
arXiv:1309.3568 [hep-ph]; A. Arvanitaki, N. Craig, S. Di-
5mopoulos and G. Villadoro, JHEP 1302, 126 (2013)
[arXiv:1210.0555 [hep-ph]].
[3] G. Dall’Agata and F. Zwirner, Phys. Rev. Lett. 111,
251601 (2013) [arXiv:1308.5685 [hep-th]].
[4] More precisely, the masses of the extra Higgs bosons and
the pure Higgsino mass terms are of order m3/2, while
pure gaugino mass terms can range from zero to order
m3/2, depending on the choice of gauge kinetic functions.
[5] J. Wess and J. Bagger, Supersymmetry and Supergravity,
2nd Edition, Princeton University Press, 1992.
[6] S. Ferrara, L. Girardello, C. Kounnas and M. Porrati,
Phys. Lett. B 192, 368 (1987).
[7] G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480
(1988).
[8] G. Lopes Cardoso, D. Lust and T. Mohaupt, Nucl.
Phys. B 432, 68 (1994) [hep-th/9405002]; I. Antoniadis,
E. Gava, K. S. Narain and T. R. Taylor, Nucl. Phys. B
432, 187 (1994) [hep-th/9405024].
[9] For large enough m3/2, realistic gaugino masses could be
generated radiatively.
[10] However, it should be kept in mind that all MSSM mass
parameters (and possibly the gauge couplings) depend
on the flat direction x.
[11] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopou-
los, Phys. Lett. B 133, 61 (1983).
[12] A. Brignole and F. Zwirner, Phys. Lett. B 342, 117
(1995) [hep-th/9409099].
[13] A classically massless h is not a (qualitative) problem: if
quantum corrections eventually select v, a mass for h is
automatically generated.
[14] A. Hebecker, A. K. Knochel and T. Weigand, JHEP
1206, 093 (2012) [arXiv:1204.2551 [hep-th]].
[15] S. R. Coleman and E. J. Weinberg, Phys. Rev. D 7,
1888 (1973); S. Weinberg, Phys. Rev. D 7, 2887 (1973);
E. Gildener and S. Weinberg, Phys. Rev. D 13, 3333
(1976).
[16] For a recent review and references, see e.g.: B. Bellazzini,
C. Csa´ki and J. Serra, arXiv:1401.2457 [hep-ph].
[17] For partially composite models with global supersymme-
try and a pseudo-Goldstone Higgs, see e.g. D. Marzocca,
A. Parolini and M. Serone, arXiv:1312.5664 [hep-ph], and
references therein.
[18] J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tam-
vakis, Phys. Lett. B 134, 429 (1984); J. R. Ellis, C. Koun-
nas and D. V. Nanopoulos, Nucl. Phys. B 241, 406 (1984)
and B 247, 373 (1984).
[19] S. Ferrara, C. Kounnas, M. Porrati and F. Zwirner,
Phys. Lett. B 194, 366 (1987); S. Ferrara, C. Koun-
nas and F. Zwirner, Nucl. Phys. B 429, 589 (1994)
[hep-th/9405188].
[20] C. Kounnas, F. Zwirner and I. Pavel, Phys. Lett. B
335, 403 (1994) [hep-ph/9406256]; C. Kounnas, I. Pavel,
G. Ridolfi and F. Zwirner, Phys. Lett. B 354, 322 (1995)
[hep-ph/9502318].
[21] R. Barbieri and A. Strumia, Phys. Lett. B 490, 247
(2000) [hep-ph/0005203].
